Amplify-and-forward channels in cooperative networks provide a promising improvement in the network coverage and system throughput. Under line-of-sight (LOS) propagation conditions in such cooperative networks, the overall fading channel can be modeled by a double Rice process. In this article, we have studied the statistical properties of the capacity of double Rice fading channels. We have derived the analytical expressions for the probability density function (PDF), cumulative distribution function (CDF), levelcrossing rate (LCR), and average duration of fades (ADF) of the channel capacity. The obtained results are studied for different values of the amplitudes of the LOS components in the two links of double Rice fading channels. It has been observed that the statistics of the capacity of double Rice fading channels are quite different from those of double Rayleigh and classical Rice fading channels. Moreover, the presence of an LOS component in any of the two links increases the mean channel capacity and the LCR of the channel capacity. The validity of the theoretical results is confirmed by simulations. The results presented in this article can be very useful for communication system designers to optimize the performance of cooperative networks in wireless communication systems.
Introduction
Increased network coverage, improved link quality, and provision of new applications with increased mobility support are the basic demands imposed on future wireless communication systems. One promising solution to fullfil these requirements is the use of cooperative diversity techniques [1] [2] [3] . Single-antenna mobile stations in cooperative networks assist each other to relay the transmitted signal from the source mobile station (SMS) to the destination mobile station (DMS). The cooperation of single-antenna mobile stations in such networks to share their antennas for transmission of the signal makes it possible to form the so-called virtual multiple-input multiple-output (MIMO) system [4] , thus, achieving the diversity gain. Moreover, such cooperation between mobile stations results in increased network coverage with enhanced mobility support.
For the development and analysis of wireless communication systems that exploit cooperative diversity, a solid knowledge of the multipath fading channel characteristics is required. Recent studies illustrate that mobile-to-mobile (M2M) fading channels associated with relay-based cooperative networks under non-line-of-sight (NLOS) propagation conditions in different propagation scenarios can be modeled either as a double Rayleigh process [5] [6] [7] [8] or an NLOS second-order scattering (NLSS) process [9] . On the other hand, different scenarios under LOS propagation conditions lead to modeling the overall M2M fading channel either by a double Rice process [10] , a single-LOS double-scattering (SLDS) process [11] , a single-LOS second-order scattering (SLSS) process [9] , or a multiple-LOS second-order scattering (MLSS) process [12, 13] . These studies provide results for the statistical characterization of M2M fading channels in cooperative networks under different propagation conditions. The impact of double Rayleigh fading on the performance of a communication system is investigated in [14] . Even with all this research going on, the important question regarding the maximum possible information transfer rate in such fading channels is still unanswered. Thus, the purpose of this paper is to fill in this gap in information regarding the capacity of amplify-and -forward channels in cooperative networks.
Studies pertaining to the analysis of the outage capacity of double Rayleigh channels can be found in [15, 16] . However, to the best of the authors' knowledge, the statistical properties of the capacity of double Rice channels have never been investigated. The analysis of the statistical properties of the channel capacity can be very helpful to study the dynamic behavior of the channel capacity. Here, the statistical properties of interest include the PDF, CDF, LCR, and ADF of the channel capacity. The PDF and CDF of the channel capacity provide the information regarding mean value and variance of the channel capacity. The LCR and ADF of the channel capacity, on the other hand, give a deep insight into the temporal variations of the channel capacity [17] . The LCR of the channel capacity is a measure of the rate at which the channel capacity crosses a certain threshold level from up to down or vice versa. However, the ADF of the channel capacity is defined as the average duration of time over which the channel capacity is below a certain threshold level [18, 19] .
In this paper, we have investigated the statistical properties of the capacity of amplify-and-forward channels in cooperative networks. The transmitted signal from the SMS is received at the DMS via a mobile relay (MR). The MR amplifies the received signal and forwards it to the DMS. We have assumed that there is no direct transmission link between the SMS and the DMS. Moreover, it is also assumed that the LOS components exist in both of the transmission links, i.e., the SMS-MR and MR-DMS links. Hence, the overall fading channel is modeled by a double Rice process [10] . We have derived exact analytical expressions for the PDF, CDF, LCR, and ADF of the channel capacity of double Rice channels. The results are studied for different values of the amplitudes of the LOS components in the two transmission links of double Rice channels. It has been observed that the statistics of the capacity of double Rice channels are quite different from those of double Rayleigh and classical Rice/Rayleigh channels. Specifically, for medium and high signal levels, the presence of LOS components in the two cascaded transmission links increases the mean channel capacity and the LCR of the channel capacity. However, it results in a decrease in the ADF of the channel capacity.
The rest of the paper is organized as follows. In Section 2, we describe briefly the double Rice channel model and some of its statistical properties. The statistical properties of the capacity of double Rice channels are studied in Section 3. Section 4 presents the statistical properties of the capacity of double Rayleigh channels. Numerical results are discussed in Section 5. Finally, the concluding remarks are given in Section 6.
The Double Rice Channel Model
In cooperative networks employing amplify-and-forward relay, the channel between the SMS and the DMS via a MR can be represented as a concatenation of the SMS-MR and MR-DMS channels [8, 10] . Figure 1 depicts an example of the transmission link from the SMS to the DMS via the MR in such amplify-and-forward relaybased networks. For the case when an LOS component is present in both of the transmission links, i.e., the SMS-MR link and the MR-DMS link, the overall fading channel can be modeled as a product of two non-zero-mean complex Gaussian processes given by [10] . (2) (1 (1) results in a double Rice process given by [10] (1)
represents the classical Rice process. The PDF of double Rice processes ) (t Ξ is given by [10] 
In the next section, we will derive the statistical properties of the capacity of double Rice channels using the results found in this section.
Statistical Properties of the Capacity of Double Rice Channels
The instantaneous capacity ) (t C of double Rice channels can be expressed using a similar formula found in [22] By substituting (10) in (11) and doing some mathematical manipulations, the CDF of the channel capacity can be expressed as follows 2 
is defined in (7). After substituting (14) in (13) 
where ) (⋅ Φ denotes the error function [20] . Finally, from (15) and (12), the ADF ) (r T C of the channel capacity ) (t C can be obtained using [19] ( )
The results found in this section will be used in the following section to derive the statistical properties of the capacity of double Rayleigh channels.
Statistical Properties of the Capacity of Double Rayleigh Channels
The double Rayleigh channel follows as a special case of respectively. The ADF of the channel capacity ) (t C of double Rayleigh channel can be found using (16), (18), and (19).
Statistical Properties of the Capacity of Rayleigh and Rice Channels
In this section, we will present the PDF, CDF, and LCR of the capacity of Rayleigh and Rice channels. We will study these results along with the statistical properties of the capacity of double Rice channels in the next section for comparison purposes. The PDF ) (r p C of the capacity ) (t C of Rice channels can be found using the The results for the PDF, CDF, and LCR of the capacity ) (t C of Rayleigh channels can be obtained from 
The expressions (23)-(25) have already been presented in [23, ]. However, we have presented these equations here for the sake of completeness.
Numerical Results
This section aims at the validation and analysis of the analytical results presented in the previous section, using simulations. We have also included the results for double Rayleigh, classical Rayleigh [19] , and classical Rice channels in our study for comparison purposes. For the case of classical Rice channels, we denote the amplitude of the LOS component as ρ . The Rice processes
were simulated using the sum-of-sinusoids model [24] . The model parameters were computed using the generalized method of exact Doppler spread (GMEDS 1 ) [25] . Figure 2 for different values of the amplitudes of the LOS components i ρ 1,2) = (i . In Figure 2 , the PDF of the double Rayleigh process is also shown, which represents a special case of the double Rice process when 0
. It is observed that the presence of the LOS components has a dominant effect on the mean value and spread of the PDF of double Rice processes. It can also be seen that the PDF of double Rice processes is identical for the cases 0 = Figures 3 and 4 present the PDF and CDF of the capacity of double Rice channels, respectively. It is observed that the amplitude of the LOS component has a significant influence on the PDF and CDF of the channel capacity. Specifically, the presence of an LOS component in one or both of the links (i.e., the SMS-MR and MR-DMS links) increases the mean channel capacity. Hence, double Rayleigh channels have a lower mean channel capacity compared to double Rice channels, (e.g., when 2 = = 1 2 ρ ρ ). It is also observed that the capacity of classical Rice channels has a lower mean value compared to that of double Rice channels. These facts are specifically studied in Figure 5 , where the mean channel capacity of classical Rice as well as double Rice channels is studied for different values of the amplitudes of the LOS component. Figure 6 shows the influence of the amplitude of LOS component on the variance of the classical Rice and double Rice channels. It is observed that increasing the value of ρ decreases the spread of the channel capacity for medium and large values of ρ , say 1 ≥ ρ . Moreover, the variance of the capacity of double Rice channels is much higher as compared to that of classical Rice channels. The LCR and ADF of the channel capacity of double Rice channels are presented in Figures 7 and 8 , respectively. It is evident from Figure 7 that the maximum value of the LCR of the channel capacity increases with an increase in the value of the amplitude of the LOS component i ρ 1,2) = (i . It is also observed that the LCR of the capacity of classical Rice channels is much lower compared to that of double Rice channels. The converse statements with respect to the LCR of the channel capacity are true for the ADF, as can be seen in Figure 8 . 
Conclusions
In this paper, we have studied the statistical properties of the channel capacity of the double Rice channels. We have derived analytical expressions for the PDF, CDF, LCR, and ADF of the channel capacity. The findings of this paper give a deep insight into the influence of the LOS components, corresponding to the two links of amplify-and-forward channels, on the statistical properties of the channel capacity. It has been observed that for medium and high signal levels, the presence of the LOS components in one or both of the links of the double Rice channel model increases the mean channel capacity and the LCR of the channel capacity. However, it decreases the ADF of the channel capacity. Moreover, the Doppler frequencies of the MR and the DMS have a significant impact on the LCR and ADF of the channel capacity. The validity of all the presented analytical results is confirmed by simulations, whereby a very good fitting between the analytical and simulation results is found.
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